Introduction: The impact of statin use on pneumonia risk and outcome remains unclear. We therefore examined this risk in a population-based case-control study and did a 5-year update of our previous 30-day mortality analyses.
Introduction
In addition to having a well-known cholesterol-lowering effect, statins regulate the immune and coagulation systems and prevent endothelial cell dysfunction [1] [2] [3] [4] . These beneficial pleiotropic effects may explain why statin use has been associated with decreased risk and improved outcome of sepsis and other severe bacterial infections in a range of observational studies [5] [6] [7] [8] [9] . However, studies have reported conflicting results regarding the association between statin use and pneumonia risk. Although four studies reported a reduced risk [10] [11] [12] [13] , one US study showed an increased risk and suggested that a 'healthyuser effect' in statin users may have accounted for the earlier results [14] . Regarding pneumonia prognosis, we previously reported a 31% lower mortality among statin users following pneumonia hospitalization in a population-based study [15] . These findings are in line with several other studies, including large population-based cohorts [16] [17] [18] [19] [20] [21] [22] . However, one Canadian study showed no reduction in mortality among statin users hospitalized for pneumonia [23] , and a recent US study found that statin use did not protect against severe sepsis or mortality in hospitalized patients with pneumonia [24] . Evidence thus remains conflicting, leaving open the possibility of uncontrolled confounding by healthy-user effects in statin users [25] . Importantly, the prevalence of statin use in Denmark and elsewhere has increased dramatically in recent years, resulting in less selection of patients receiving statins.
Since large clinical trials that address this issue are still lacking [26] , we conducted the hitherto largest population-based case-control study on statin use and risk of pneumonia, taking advantage of new high-quality Danish data to better control for confounders. We also updated previous 30-day pneumonia mortality analyses [15] .
Materials and methods

Setting
We conducted this study in Northern Denmark, which has 1.8 million inhabitants (30% of Denmark's population). All citizens in Denmark are provided with universal tax-supported health care, which guarantees unfettered access to primary and secondary care that is free at the point of delivery and provides partial reimbursement for most prescribed medications, including statins. The unique Danish civil registration number permits cross-linking of individual-level data from different medical databases.
Patients with pneumonia
We identified patients with pneumonia from the Danish National Registry of Patients (DNRP), which contains data on inpatient discharges from all non-psychiatric hospitals in Denmark since 1977 and on emergency department and hospital outpatient clinic visits since 1995. Each contact is associated with one primary diagnosis and one or more secondary diagnoses classified according to the eighth revision of the International Classification of Diseases (ICD-8) until the end of 1993 and 10th revision (ICD-10) thereafter [27] . We included a total of 70,953 patients who were at least 15 years old with a first-time hospitalization for pneumonia during the study period (1 January 1997 to 12 December 2009). We excluded patients who had lived in the study region for less than 12 months.
Population controls
We used the Danish Civil Registration System (CRS) to select 10 population controls for each case; the controls were individually matched on age (birth year), gender, index date, and place of residence. The CRS has maintained vital statistics data, including date of birth, change of address, date of emigration, and exact date of death for the Danish population since 1968. We selected controls by using risk set sampling: each control had to be alive and at risk for a first pneumonia hospitalization on the day of admission (the index date) of the case to whom he or she was matched. In total, it was possible to match 70,914 pneumonia patients with 709,140 population controls for the risk analysis. In the updated cohort outcome analyses, all 70,954 patients with pneumonia were followed up for 30 days after hospital admission, with all-cause mortality as the outcome.
Statin use
Statins are available only by prescription in Denmark. As in our previous cohort study, current statin use was defined as at least one filled prescription within 125 days of the pneumonia hospitalization/index date [15] . Persons who filled a prescription more than 125 days beforehand were classified as former statin users. The 125-day period was chosen to capture most current users; if an 80% to 100% compliance rate is assumed, few statin prescriptions are expected to last beyond 125 days [28] . The prescription database contains information -including civil registration numbers, type and amount of drugs dispensed, and prescription dates -on reimbursable drugs dispensed at all pharmacies in Northern Denmark. In-hospital drug data were not available to allow an evaluation of the effectiveness of inpatient statin treatment in the cohort study.
Covariates
To control for comorbidities that may be associated with pneumonia, we obtained data from the DNRP on all previous hospital diagnoses for each individual since 1977. We obtained data on the 19 disease categories that comprise the Charlson comorbidity index [29] [30] [31] . The DNRP also provided information on hospital-diagnosed obesity, alcoholism-related disorders within 1 year of the index date, and surgical procedures performed within 3 months of the index date. In addition, we obtained data on the use of the following preadmission medications, which may reflect important underlying comorbidities and/or affect either risk or prognosis of pneumonia: immunosuppressive drugs and oral steroids within 1 year of admission, systemic antibiotic therapy within 3 months of admission (for outcome analyses only), concurrent use (within 125 days of the index date) of inhaled corticosteroid therapy, inhaled beta2 agonists, combination of inhaled steroids and beta2 agonists, beta blockers, lowdose aspirin, loop diuretics, thiazides, angiotensinconverting enzyme inhibitors, angiotensin receptor antagonists, digoxin, vitamin K antagonists, calcium channel blockers, nitrates, antipsychotics, non-steroidal anti-inflammatory drugs, and proton-pump inhibitors. For ICD and Anatomical Therapeutic Chemical prescription codes, see Additional files 1 and 2.
To control for socioeconomic confounding, we obtained data from the CRS on marital status (married, divorced or widowed, never married, or unknown) and urbanization (city with more than 100,000 inhabitants, provincial town with 10,000 to 99,999 inhabitants, or rural area with fewer than 10,000 inhabitants).
To further control for a possible healthy-user effect in statin users, we obtained information from the National Health Insurance Service Registry for the period of 1 January 2001 to 12 December 2009 (for details, see Additional file 3). This registry contains detailed information on all patient contacts with general practitioners (GPs) and specialist practitioners in the primary-care sector. We retrieved data on receipt of the current season's reimbursed influenza vaccine prior to the pneumonia index date and on the following markers of health awareness or frailty: GP preventive consultations and services, social medicine-related GP consultations, GP conversational therapy, application for reimbursement for chronic and terminal illness, and GP diagnosis and treatment of dementia.
Statistical analysis
In our setting with a relatively low proportion of treated subjects and outcome events and many time-varying covariates, we chose an incidence case-control study design with risk set sampling instead of a cohort design to study pneumonia risk [32, 33] . In the case-control study, we used conditional logistic regression to estimate the odds ratio (OR) for hospitalization with pneumonia among current and former users of statins in comparison with never users. The controls were matched on age, sex, place of residence, and index date. We adjusted for the following covariates: individual comorbidities, preadmission drugs (except for systemic antibiotic therapy), socioeconomic indicators, living with small children, and (for the subcohort of cases and controls for 2001-2009) influenza vaccination and other markers of health awareness or frailty. Because we used risk set sampling of controls, the ORs provided unbiased estimates of incidence rate ratios.
In the cohort study, we used Cox regression analysis to compute 30-day mortality rate ratios (MRRs), controlling for sex, age, place of residence as well as the same covariates used in the case-control analysis, except for exclusion of living with small children and inclusion of preadmission antibiotic therapy in the prognosis analysis model.
We repeated both risk and outcome analyses while stratifying on calendar time periods, comorbidity levels, age groups, and medical indication for statin use in the main model (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) ). The risk estimates associated with simvastatin, atorvastatin, pravastatin, and other statins were assessed separately. In the subcohort analysis for 2001-2009, we further restricted the analyses to patients who received the current year's influenza vaccine and had different markers of frailty and health awareness. In the stratified analyses, the matching was retained.
Finally, we examined a potential dose-response association by calculating the number of defined daily doses (DDDs) of statin received within 125 days of the index date for each patient. The adjusted ORs and MRRs were plotted against statin DDD percentiles. Data were obtained from Danish health-care registries, which are generally available to researchers; according to Danish law, use of these registries does not require informed consent. The study was approved by the Danish Data Protection Agency (record number 2009-41-3866).
Results
Case-control study of pneumonia risk
We identified 70,914 cases of patients hospitalized for pneumonia and 709,140 population controls. Current statin users comprised 7,223 (10.2%) of the cases and 64,523 (9.1%) of the controls. Among current statin users, 78% received simvastatin, 12% received atorvastatin, 5.5% received pravastatin, and 4.5% received other statins. Slightly more than half of the cases were male; their median age was 73 years, and two thirds were older than 65 years (Table 1 , case-control study). Compared with controls, pneumonia cases were more likely to have comorbidities, particularly cardiovascular disease, chronic pulmonary disease, cancer, or recent surgery. Medication use was also much more common among cases than controls, particularly diuretics and other cardiovascular therapies and corticosteroids. However, influenza vaccination was only slightly more common among cases.
The unadjusted age-and sex-matched OR associating current statin use with pneumonia occurrence was 1.17 (95% confidence interval (CI) 1.14 to 1.21) ( Table 2, Table 2 , case-control study), whereas the adjusted OR for former statin use was 0.93 (95% CI 0.87 to 0.98).
We adjusted for important confounders separately to evaluate their importance in current statin users (data not shown). Comorbidity (individual adjustment for the 19 disease categories in the Charlson index) appeared to be the most important confounder (comorbidity-only adjusted OR = 0.86, 95% CI 0.84 to 0.89). Adjusting only for the use of 18 different medications yielded an OR of 0.90 (95% CI 0.87 to 0.93). Adjusting only for markers of 
Cohort study of 30-day mortality after hospitalization for pneumonia
The prevalence of current statin use among patients with pneumonia increased dramatically from 1997 (1%) to 2009 (24%). Thus, 74% of all statin users in our 1997-2009 cohort were hospitalized after 2004, which was the last year of study in our previous mortality analysis [15] . Characteristics of statin users and non-users with pneumonia in the cohort study are presented in Table 3 . Statin users were less likely to be at the extremes of age but had much more previous cardiovascular disease and diabetes. Of importance, they also had higher rates of chronic pulmonary disease and corticosteroid use, a similar prevalence rate of cancer, but less liver disease and alcoholism in comparison with non-users. Statin users were more likely to be married, receive influenza vaccinations, and have preventive consultations with GPs. Reimbursement rates for chronic or terminal illness or dementia were similar in statin users and non-users (Table 3 , cohort study). Our updated outcome analyses showed that cumulative 30-day mortality rates following pneumonia hospitalization were 11.3% among statin users and 15.1% among non-users (Table 4 , cohort study). Results of Cox regression analysis indicated a 27% decrease in pneumonia mortality associated with current statin use (adjusted hazard ratio (HR) = 0.73, 95% CI 0.67 to 0.79); this finding is similar to our earlier findings [15] . Supplementary analyses that included influenza vaccination and other markers of frailty and health awareness for the 2001-2009 period did not materially alter this estimate (adjusted HR = 0.76, 95% CI 0.70 to 0.83). In neither of these analyses was former statin use associated with mortality. 
Additional analyses
The results of additional subgroup analyses are presented in Table 5 (case-control and cohort study). In general, the risk and mortality reduction associated with current statin use was observed in most subgroups. However, in some strata, former statin use was also associated with some beneficial effect compared with never use, suggesting either residual confounding by healthy-user effects or a protracted long-term 'legacy' effect of statins. Finally, we found no clear doseresponse relationship between statin dose and pneumonia risk ( Figure 1a ) and 30-day mortality (Figure 1b) ,
respectively. As Figure 1b shows, consumption of approximately 1 statin DDD was associated with the lowest mortality.
Discussion
In this hitherto largest case-control study on statin use and risk of pneumonia, current statin use was associated with a reduced risk of hospitalization for communityacquired pneumonia. Moreover, we confirmed our previous finding of lower 30-day mortality following hospitalization with pneumonia among current statin users. Not only did pneumonia prognosis improve with statin use, but the risk of hospitalization for pneumonia was lower. This finding suggests that the improved prognosis in statin users was not due simply to surveillance bias resulting in a higher chance of being hospitalized for pneumonia, including milder pneumonia episodes. Our results are consistent with four published case-control studies of pneumonia risk in statin users compared with non-users [10] [11] [12] [13] . All four studies used primary-care data and showed ORs ranging from 0.47 to 0.78 in favor of statin use. In 2009, Dublin and colleagues [14] published a casecontrol study of 1,125 cases and 2,235 controls in a population of immunocompetent, community-dwelling group health members from 65 to 94 years old. The study showed that statin use was associated with an increased risk of pneumonia. Their baseline-adjusted model (age, sex, and calendar year) yielded an OR of 1.13 (95% CI 0.95 to 1.34), which was very close to our OR (1.17) matched for age, sex, urbanization of place of residence, and index date; the fully adjusted model (comorbid illnesses, lifestyle, demographic characteristics, and functional and cognitive status) yielded an OR of 1.26 (95% CI 1.01 to 1.56). For cases leading to hospital admission (35% of cases), the risk conferred by statin use was even greater (adjusted OR = 1.61, 95% CI 1.08 to 2.39). Confounder data, obtained in part from medical record reviews, included information on functional and cognitive status. This information was used to explain findings and to suggest a strong unaccounted healthyuser effect in previous studies. However, their study was restricted to a selected group of older people. In our study, there was nothing to suggest that patients who used statins had a covariate profile associated with a good prognosis. The age-and sex-matched ORs for pneumonia risk and 30-day mortality associated with statin use were changed from harm to benefit after adjusting for the types of potential confounders included in the analysis carried out by Dublin and colleagues. This discrepancy may be due to differences in the available information on potential confounders or may indicate that the potential healthy-user effect associated with statin use is weaker in our Danish study population.
Although most studies have reported a substantial protective effect of statin use on pneumonia outcomes [16] [17] [18] [19] [20] [21] [22] , the possibility of a healthy-user effect among statin users in hospitalized patients with pneumonia was proposed on the basis of a 2006 study by Majumdar and colleagues [23] that reported negative statin effects on outcomes. The limitations of this study, including the composite endpoint and the potential overadjustment for covariates (for example, pneumonia severity), have been discussed elsewhere [5, 26] . A recent prospective cohort study of 1,895 hospitalized patients with pneumonia in the US also reported some evidence of a healthy-user bias but no decreased risk of severe sepsis (relative risk = 0.98, 95% CI 0.71 to 1.36) or material reduction of 90-day mortality in preadmission statin users (relative risk = 0.90, 95% CI 0.63 to 1.29) [24] . However, the study suggested that continued inpatient statin therapy may reduce pneumonia mortality (adjusted OR = 0.73, 95% CI 0.47 to 1.13) [24] , a finding supported by results from Rothberg and colleagues [22] (adjusted OR = 0.90, 95% CI 0.82 to 0.99) and Vandermeer and colleagues [21] (adjusted OR = 0.59, 95% CI 0.38 to 0.92). Unfortunately, we did not have inpatient statin data. Hopefully, future trials will clarify whether continuation or initiation of statin therapy on hospital admission for pneumonia may improve outcome.
To date, there have been no randomized controlled trials large enough to determine the clinical efficacy of Interestingly, an important contributor to the decreased all-cause mortality was a reduction in deaths from infection and respiratory illness [35] .
The main strengths of our study include its populationbased design and setting in a tax-supported universal health-care system free at the point of delivery, which reduce the potential for selection and referral bias. The positive predictive value of the DNRP with regard to pneumonia diagnosis is estimated to be 90% (95% CI 82% to 95%) [36] , and the degree of completeness of the Danish prescription registries is excellent for reimbursed prescription drugs [37] .
A possible study limitation is the use of filled prescriptions as a proxy for actual drug use. However, compliance with statin treatment in Denmark is good [38] . In addition, our observational study design may be vulnerable to uncontrolled confounding. As discussed above, a key question is whether statin users are healthier than non-users in terms of general health factors. Importantly, we found higher rates of most pneumonia risk and prognostic factors among statin users compared with nonusers in our analyses, including lifestyle-related diseases such as chronic pulmonary disease, cancer, and diabetes. We adjusted comprehensively for potential confounders, including a wide range of premedication drugs and comorbidities, recent surgery, living with small children, and socioeconomic indicators. To further assess possible residual confounding arising from a healthy-user effect, we retrieved information from the National Health Insurance Service Registry on influenza vaccination and markers for frailty and health awareness. This information, gleaned from GP consultations, is not available in most health registries. After these factors were taken into account, statin use was still associated with a clinically important reduction in pneumonia hospitalizations and deaths. Moreover, the prevalence of current statin use among Danish patients with pneumonia has more than doubled, from an average of 4.6% in 1997-2004 to 10.2% in the updated study period (1997-2009), and statins have become an inexpensive treatment; both factors are likely to dilute any healthy-user effect. Finally, recent data from Denmark showed no indication of a particularly healthy lifestyle associated with statin use. In a questionnairebased public health survey conducted in the central region of Denmark in 2006, people who used statins were more obese, exercised less, ate healthy foods more, and smoked and drank approximately the same amount as non-users [39] .
Conclusions
Current statin use is associated with a clearly decreased risk of hospitalization for pneumonia and lower 30-day mortality following pneumonia. These results add to the evidence that treatment with statins may have a beneficial effect in reducing severity and possibly preventing pneumonia. Hospitalization rates for pneumonia and sepsis are currently rising in aging Western populations, and case fatality remains high. Our results should be confirmed in randomized statin therapy trials among patients with pneumonia and in statin prevention trials among individuals at risk for pneumonia since positive results would have important clinical and public health implications.
